Purpose: The target detectability of cone beam computed tomography (CBCT) performed in image-guided radiation therapy (IGRT) was investigated to achieve sufficient image quality for patient positioning over a course of treatment session while maintaining radiation exposure from CBCT imaging as low as reasonably achievable (ALARA).
| INTRODUCTION
Approximately 50% of cancer patients can benefit from radiation therapy in the management of their diseases. [1] [2] [3] The accuracy of radiation therapy depends on the conformal deposition of ionizing radiation to the target volume and the efforts to spare its neighboring healthy tissues. 4, 5 To achieve high-precision treatments, imaging plays a crucial role in planning and delivering radiation beams. 6, 7 It has been demonstrated that the use of image-guided radiation therapy (IGRT) may improve the clinical outcome of patients undergoing radiation therapy. 8, 9 In our department, patients are routinely scanned by multidetector computed tomography (MDCT) scanners for planning purposes before treatment. During daily treatment, cone beam CT (CBCT) mounted on the gantry of linear accelerator is used to detect target position relative to the planned radiation beams to improve the accuracy of treatment delivery through geometric corrections. Target detectability of CBCT is a very important image quality metric to achieve a high level of patient positioning and treatment accuracy. [10] [11] [12] [13] In spite of the increasing use of CBCT to verify and correct patient setup, the contrast resolution of CBCT in delineating soft tissue structures is lower than that of MDCT. 14, 15 MDCT has approximately 3 Hounsfield units (HU) contrast resolution, while CBCT allows a contrast resolution of 10 HU. 16 CBCT imaging performed in IGRT is usually acquired by using particular imaging geometry, beam characteristics, and reconstruction method for a specific body part in clinical routine practice. However, individual body dimensions would affect the photon statistics in CBCT data, where patients of larger body sizes receive reduced radiation to the isocenter and internal organs, thus causing degradation in image quality. 17 These characteristics of CBCT imaging indicate that optimizing the scan protocols according to patient dimensions is essential to ensure sufficient image quality for daily patient positioning in radiation therapy.
Fractionated radiation treatments are usually delivered in 20 fractions to improve patient tolerance, so the total radiation dose from CBCT is a factor of 20 greater than that of a single scan. 18 Besides, CBCT doses are distributed to the entire imaging region, not only the target volume. 19 Hence, it is necessary to know what the radiation doses are from CBCT and raise awareness of using lower radiation doses. In this study, the tradeoff between target detectability and radiation dose was investigated for CBCT performed in IGRT to achieve sufficient image quality for patient positioning over a course of treatment session while maintaining radiation exposure as low as reasonably achievable (ALARA). The performance of routine MDCT in target detection was also evaluated for comparison purpose.
| MATERIALS AND METHODS

2.A. | MDCT and CBCT scans
All MDCT scans were performed using a GE Discovery CT590 RT CT simulator (GE Healthcare, Waukesha, WI, USA). The CT simulator is a 16-slice MDCT with 16 9 1.25 mm collimation. For the automatic exposure control (AEC) system (AutomA 3D; GE Healthcare, Waukesha, WI, USA) on the MDCT scanner we operate, the parameter used to specify the desired image quality is the noise index (NI),
which is approximately equal to the standard deviation of HUs in the central region of a homogeneous phantom image. Moreover, the AEC system allows the operator to define the mA range (minimum to maximum mA) within which the tube current can be modulated. 
2.B | Image quality evaluation
The calibration phantoms consisting of an electron density phantom and additional annuluses were used to evaluate the image quality of
CBCT performed in IGRT (Fig. 1) . The electron density phantom 
2.C | Multivariate analysis
There is a well-recognized tradeoff between image quality and radiation dose in CT imaging. [21] [22] [23] [24] [25] [26] [27] In our department, the tube current of routine MDCT body scans is modulated automatically by the AEC system to achieve consistent image quality for different patient sizes or body parts. On the other hand, the scan mode of CBCT imaging of positron emission tomography (PET). 28 Our model to explain the relationship between independent and dependent variables was:
where B 0 to B 3 are the regression coefficient (B) to be estimated.
The body size is the diameter of the calibration phantoms. The exp 
| RESULTS
Since the AEC system was activated when performing MDCT body scans, the tube current was varied according to the phantom sizes.
The mean values of tube current in MDCT scans were 324, 340, 
| DISCUSSION
Based on naked-eye observation of Fig. 3 , the discrimination of rod inserts from the background region becomes more difficult for CBCT images acquired with larger calibration phantoms. This phenomenon was also verified quantitatively in Fig. 4(a) . The degradation of target detectability in larger phantoms may be owing to (1) target detectability was improved by reducing the quantum fluctuations in CBCT, which was verified qualitatively in Fig. 3 and quantitatively in Fig. 4(b) . As seen in Fig. 3 , the rod inserts simulating bone and lung can still be differentiated from the background region when CALphan 38 cm was imaged by CBCT lowD , but not for the rod inserts simulating soft tissues. Moreover, it was found in Fig. 4(c) A maximum VIF value in excess of 10 is taken as an indication that multicollinearity may be unduly influencing the least square estimates.
The regression relationship has R 2 larger than 0.80, indicating a good fit to the data. According to our results in Table 2 , it was found that all independent variables are statistically significant predictors of CNR (|t| > 2), whereas j exp density CBCT midD may allow sufficient image quality in abdominal and pelvic scans for normal-weight adults with cross-sectional diameter less than 28 cm, while CBCT highD could be suitable for adult patients in other body status (i.e., normal-weight adults with cross-sectional diameter larger than 28 cm, overweight and obese adults). Once the cross-sectional diameter of adult patients is larger than 35 cm, the CTDI w from CBCT scans should be higher than 2.78 cGy to achieve CNR of 5. As for pediatric and adolescent patients with cross-sectional diameter less than 25 cm, CBCT lowD is able to produce images with sufficient target detection in abdominal and pelvic scans. Several limitations to this study need to be acknowledged. First, the calibration phantoms are meant to simulate patients with specific body shape and tissue composition, which limit generalization of the results to a population of heterogeneous body types. Second, the ROI selection and the choice of image quality metrics have a large impact on the definition of optimal scan protocol. This study aimed to optimize the target detectability of on-board CBCT in radiation therapy to achieve a high level of patient positioning and treatment accuracy, so a task-specific optimization based on multivariate analysis was performed. Third, the coefficients of the multivariate model in Eq. (3) represent the overall physical and biological processes involved in CBCT scans performed in our routine practice, so a different model should be built once the imaging geometry, beam characteristics, or reconstruction method is changed. Last, only a single-manufacturer's CBCT system performed in IGRT was investigated, so the optimized protocols cannot be applied to other imaging systems from different manufacturers. Additional studies assessing the proposed optimization workflow for different image-guided systems used in IGRT will be needed and valuable.
| CONCLUSION
The tradeoff between target detectability and radiation dose was investigated for CBCT performed in IGRT to ensure sufficient image quality for daily patient positioning in radiation therapy while achieving the ALARA principle. Multivariate analysis was used to examine the impact of body size, radiation exposure and tissue type on the target detectability of CBCT imaging, quantified by CNR. Based on our results, CBCT midD is able to produce images with sufficient target detection of adipose, breast, muscle, and liver in a background of water for normal-weight adults with cross-sectional diameter less than 28 cm, while CBCT highD should be used for adult patients with larger body sizes or higher body mass index. Once the cross-sectional diameter of adult patients is larger than 35 cm, the CTDI w of CBCT scans needs to be higher than 2.78 cGy to achieve CNR of 5.
As for pediatric and adolescent patients with cross-sectional diameter less than 25 cm, CBCT lowD may allow sufficient image quality in abdominal and pelvic scans.
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F I G . 5. CTDI w estimated based on the regression model to achieve CNR = 5 for patients of different body sizes.
